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 Increased demands on water resources coupled with an increased awareness of the 
need to preserve environmental flows have led to a need to understand how 
anthropogenic activities may have impacted water resources in South Carolina. The 
South Fork of the Edisto River has been facing increasing demands for both surface water 
and groundwater. This research investigated if and why hydrologic change, as indicated 
by a change in the rainfall/ stream discharge relationship, occurred in the South Fork 
Edisto Basin, in South Carolina, between the years 1980-2016. A double-mass curve 
analysis, which is corroborated by runoff coefficients, indicates that a fundamental 
change in the precipitation-runoff relationship in the South Fork Edisto Basin occurred in 
the early 2000s.  Documented water diversions from the basin were examined as a 
possible driver of the changing relationship.  A Soil Water Balance Model was developed 
to isolate water budget components and to examine how changes in climatic variables 
and land use and land cover acted as potential drivers of the change documented by the 
double mass curve. The results indicate that all three variables have had an impact on the 
basin. The results have implications to water availability, environmental flows, and water 
resources management within the basin.
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INTRODUCTION AND RESEARCH QUESTIONS  
Increases in population and changes to the spatial distribution of population 
growth have increased pressures on available water resources in the United States 
(Maupin et al., 2014). In addition to increased demand, recognition of the need to 
maintain ecological flows has increased attention on hydrological systems and temporal 
changes that may occur within them (Richter et al., 2011).   Anthropogenic influences on 
watersheds in the form watershed modification, climate change and increases in demand, 
mean the stationarity of water resources can no longer be assumed (Milley, et al., 2008). 
Fluctuations in climate can also lead to changes in water demand (Dieter, et.al,  
2015).This fact is especially apparent in the irrigation, power supply, and public water 
supply sectors.  Long-term changes in surface water, as measured by stream flow at 
stream gauges, may be explained by climate variability, land-use land cover change, or 
human alterations to the water budget through water diversions.  Changes to these factors 
can influence relationship between rainfall and runoff and are not necessarily 
independent of each other. For example, the impact of changes in land cover and water 
diversion rates can be impacted by climate.  
In the SFE basin a serve drought from 1998-2002 followed by recurrent droughts 
through the 2000s-2010s coupled with steep increase in demand for water resources 
particularly for irrigation have brought attention to the water resources in the basin. 
Additionally changes in the LU/LC have the potential to be impacting flows. This 
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investigation looks at how these three factors; climate, LU/LC change and water 
diversions may be impacting flows in the SFE Basin.  
The expected rates of change vary by the driver. One would expect that water 
diversions could have a quick impact if substantial enough in volume. LU/LC change 
would likely be slower in nature taking several years in the absence of an extreme 
change. Climate factors could vary in temporal impacts from short to long term based on 
the severity and duration of the event. 
1.1 HYDROLOGICAL CHANGES DUE TO CLIMATE VARABILITY 
Substantial changes to stream flow may be a result of the two climate variables 
that most impact hydrological process: precipitation and air temperature (Bloschl & 
Montanari, 2009). Using a water balance approach, Billah& Goodall (2011) indicated 
that changes in Terrestrial Water Storage (TWS) were negative during the drought period 
but positive in wet years.  The change in TWS was also positive in the last two years of 
the multiyear drought. Billah& Goodall (2011) hypothesized that the positive change in 
TWS may be due to a reduction in stream flows with a higher proportion of precipitation 
routed to recharge of the aquifers. This lag in recovery from hydrologic drought is 
consistent with the concept of watershed memory; i.e., past hydroclimate conditions 
impact the rainfall-runoff relationship (Nippgen et al., 2016). In their examination of the 
Coweeta Hydrologic Laboratory in North Carolina, Nippgen et al. (2016) found a 
correlation between the past hydroclimate and the rainfall-runoff relationship at monthly, 
seasonal, and annual time scales. The strongest correlations were with the previous time 
steps for precipitation at the shortest (monthly) time scales.  At the annual time scale the 
current and previous year’s rainfall had nearly identical impacts on the rainfall-runoff 
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relationship. Recent studies have indicated that anthropogenic climate change is 
weakening the jet stream allowing for high and mid-latitude weather patterns to persist 
for longer durations (Mann et al., 2017). If the concept of watershed memory holds true, 
then long-term changes in the timing of precipitation and temperature could cause 
persistent hydrologic changes in both surface water and groundwater.  
1.2 LAND USE /LANDCOVER CHANGE 
Land-use changes can have significant impacts on available water resources. In 
their regional study of the North American East Coast, Yang et al. (2015) determined that 
land use has changed significantly with crop land decreasing, impervious surfaces 
increasing, and forested areas increasing. Inter-annual variability of runoff increased from 
1979-2010. The study indicated that 97.5% of variation in runoff can be attributed to 
climate and 2.4% to land-use change. Land-use impacts were more important in the 
southern portion of the study area including South Carolina. Because different areas of 
the study responded differently to changes in climate and land use, and given the coarse 
resolution of the model grid, the authors suggest that more local studies would be needed 
to answer specific questions on the watershed scale (Yang et al., 2015).  Land-use effects 
on surface runoff have been clearly shown by increases in urban storm flows (Walsh et 
al., 2005) and decreased runoff following reforestation of farmland (Trimble and 
Weirich, 1987).  Walsh et.al noted that the effects of urban stream syndrome are often 
accompanied by reduced baseflow as a result of reduced infiltration due to increased 
imperviousness in the catchment. Trimble and Weirich’s analysis of basins in the 
piedmont of the southeast indicated that reforestation of areas previously planted with 
row crops led to statistically significant reductions in stream flow. The effects of 
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reforestation on stream flow were greater in drought years, which was attributed to the 
ability of trees to access soil moisture at deeper depths, versus row crops that are limited 
to more surficial soils. Their regression analysis indicated a loss of about 325,000 gallons 
per acre (3040 m3/ha) due to reforestation.  
1.3 WATER EXTRACTION AND DIVERSIONS 
Water extractions or diversions often cause local changes in hydrology.  Extreme 
examples include extra basin transfers of large amounts of water that can be highly 
contested in such cases as Arizona v. California (Haber, 1964) and the ACF River 
Dispute between Alabama, Georgia and Florida (Locascio, 2015).  More commonly 
however, these changes are gradual and subtle and may have gone undetected. 
Groundwater withdrawals are an example of extractions that may have subtle effects by 
lowering groundwater tables that effect local streams and wetlands (Winter et al., 1998). 
The groundwater may be diverted to another watershed or consumptively used such as 
losses to evaporation by industrial cooling or irrigation water uses.   
1.4 RESERCH QUESTIONS AND OBJECTIVES 
Given the high value and importance of water resources, hydrologic changes 
should be understood and, where resources are diminished, causes of the changes and 
potential mitigation strategies identified.  In the South Fork Edisto River (SFE), 
substantial apparent decreases in stream flow have recently been identified that had not 
previously been recognized.  The cause of these changes was unknown, but the 
magnitude of reduction appears to be a substantial proportion of the flow, so study was 
needed to verify the change and, if validated, identify the cause of the changes.  The 
objective of this research, therefore, is to address two fundamental research questions: 
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a. Has there been a substantial change in the rainfall–runoff relationship in 
the South Fork of the Edisto Basin between 1981-2016? 
b. To what extent have climate variation, land use/land cover changes and 
water diversions generated changes in the rainfall-runoff relationship in the South Fork 
Edisto Basin? 
The initial hypothesis is that a change has occurred in the rainfall-runoff 
relationship within the SFE basin. If so, then questions must be raised about whether or 
not a five-year drought from 1998 to 2002 was a dominant factor in the change or 
whether the change will be persistent. This leads to the hypotheses that the change is 
driven by one or a combination of three factors: 1) changes in climate, 2) changes in land 
use/land cover or 3) water diversions. To answer these questions, rainfall, stream flow, 
and water-use data were collected and analyzed for the watershed.  For the first question, 
rainfall and stream flow data for the period from 1981 to 2016 were analyzed for 
changes.  For the second question, a model was developed to simulate water balances in 
the basin. In addition, reported extractions were added back to the gauged flows to 
determine the potential impacts of large-scale water diversions.   
The answers to these questions may have important implications to water 
availability, environmental flows, and water resources management within the basin.  Is 
climate variability causing changes in water availability?  Did conversion of farm land to 
forested areas result in higher evapotranspiration and less runoff?  Are water extractions 
causing reductions in stream flow?  The findings could also be relevant to on-going 
debates about water policy concerning water resources management in South Carolina. 
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1.5 STUDY AREA 
The South Fork Edisto River (SFE) is located in the Upper Coastal Plain of South 
Carolina and is one of the two major tributaries of the Edisto River (Figure 1.1). The SFE 
is one of longest free-flowing black-water rivers in North America (Edgar, 2006).  In 
2015, the nonprofit, American Rivers, named the Edisto as one of the top 10 endangered 
rivers in the United States as a result of increasing demand for irrigation water from the 
SFE (Fretwell, 2015).  The increasing demand for water requires an understanding of 
how the local hydrologic system functions in order to make appropriate water 
management decisions.   
Baseflow is an important contributor to total stream flow in the South Fork Edisto 
Basin.  An early estimate was that baseflow contributed 73% of the annual flow (Stricker, 
1983).  Additionally, baseflow may be estimated through numerical simulation of the 
groundwater system. Campbell and Coes (2010) calculated a baseflow of 80% of the 
annual flow in their MODFLOW simulation. The ability of the model to simulate 
baseflow is limited; however, and the use of a grid size of 1.6 x 1.6 km (2 x 2 miles) in 
the existing model is believed to underestimate baseflow contributions (Campbell and 
Coes, 2010). Baseflow contribution to streams can further be separated into contributions 
from shallow groundwater flow paths and deep groundwater flow paths (Aucott, 
Meadows & Patterson, 1987). This indicates that water use from deeper regional aquifer 
systems could impact the volume of water that is discharged as baseflow. All of the 
baseflow calculations in these studies relied on data from the USGS gauging station 
located near Montmorinci, SC (USGS Station 2172500), for which the period of record is 
from 1941-1965 (Stricker, 1983; Aucott, Meadows & Patterson, 1987; Campbell &Coes, 
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2010).  The Campbell and Coes Model (2010) indicates that groundwater withdrawals 
appear to have intercepted groundwater that would otherwise enter the surface flow 
system as base flow (Campbell &Coes, 2010).The model uses water use data maintained 
by The South Carolina Department of Health and Environmental Control 
(SCDHEC)(SCDHEC, 2017). 
The geologic setting is important as it determines how water will move through 
the subsurface as well as serving as the parent material for the surficial soils. The Upper 
Coastal Plain is composed of Late Cretaceous to Quaternary sedimentary rocks lying 
between the crystalline rocks of the Piedmont and sedimentary rocks at the Orangeburg 
Scarp (Nystrom, Willoughby & Price, 1991). These geologic units have been classified 
into discrete aquifers consisting primarily of water bearing sands and confining units with 
higher clay content (Aadland, Gellici, Thayer, 1995). In general, the units thin to the 
northwest where they pinch out to a feather edge at the fall line. The confining units 
become thin and non-continuous up-dip toward the northwest. 
A regional flow model to assess the availability of groundwater in the Atlantic 
Coastal Plain was developed by the USGS in 2010 (Campbell &Coes, 2010), who noted 
that recharge rates varied temporally in the model simulation. The techniques used in the 
model assume that recharge was spatially uniform across the upper Coastal Plain. Given 
the large uncertainty in this assumption, recharge rates were adjusted in the calibration 
phase of the model (Campbell &Coes, 2010), and the lack of spatial variation of recharge 
was noted in the limitations section. The SWB model allows for estimation of the spatial 
and temporal variation of groundwater recharge (Westenbroek, et al., 2010).While the 
geological setting differs from previous studies, the processes related to watershed 
8 
memory may be an important consideration for the precipitation-runoff relationship in the 










DATA AND METHODS 
This chapter describes the methods used to test for hydrologic change, compute 
water diversions, identify changes in the physical hydrologic processes in the basin, 
develop the Soil Water Balance model, compute contributions of climate, land use, and 
groundwater withdrawals to the water budget, and balance the budget. 
2.1 TESTING FOR HYDROLOGIC CHANGE 
To determine if there has been a change in the hydrologic system, the rainfall-
runoff relationship is examined with a double mass curve analysis. This requires spatially 
and temporally consistent hydrologic data sets (Abatzoglou, 2011). 
2.1.A DOUBLE MASS CURVES AND RUNOFF COEFFICIENTS 
Double mass curve (DMC) analysis is a technique that may be used to determine 
if there has been a change in the long-term rainfall-runoff relationship in a watershed 
(Searcy &Hardison, 1960). A DMC is a sequential graph of the cumulative data of one 
variable versus the cumulative data of a second variable in the same chronological order. 
The resulting graph will generate a straight line as long as the relationship between the 
variables remains constant. A change in the slope of the line indicates changes in the 
relationship between the two variables (Searcy &Hardison, 1960).  Double mass curves 
have been widely used to identify changes in the rainfall-runoff relationship (Singh, 
1992). The DMC technique was used in on the Luan River in Northeastern China to 
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identify the time of change in the linear relationships between rainfall and runoff so that 
the impact of precipitation variability could be examined (Nui, Cao, &Li, 2016). Double 
mass curves were used on the Yellow River in Northern China to identify changes in 
trends in the rainfall-runoff relationship (Gao, et al., 2010). Studies in the Czech Republic 
used a DMC to indicate when changes in the rainfall-runoff relationship occurred in 
several watersheds while examining the influence of climate change and human impacts 
on runoff (Kliment & Matoušková, 2008).  This project examines the relationship 
between cumulative precipitation and streamflow in the SFE basin. The use of consistent 
data collection is important as breaks in the DMC slope can be caused by changes in data 
collection methods, instrumentation, or location and thus would be artifacts of the data 
rather than representative of true hydrologic change. 
The volumetric proportion of precipitation that goes to surface runoff; i.e., the 
runoff coefficient (RC=Runoff/Precipitation), is sensitive to the same variables that 
govern the DMCs:  climate, LU/LC, and water withdrawals.  Therefore, an analysis of 
RCs provides a test of the integrity of the DMC analysis.  The RC over a given period of 
time is calculated by computing total runoff volume from streamflow gauge records for 
that period and the corresponding total precipitation volume from weather station data 
and taking the ratio of the totals.  The RCs were computed for the periods before and 
after the time of inflection indicated by the DMC. 
2.1.B STREAMFLOW AND RAINFALL DATA FOR DMC AND RC ANALYSES 
Mean daily streamflow data from the USGS Denmark gauging Station (02173000) 
were downloaded from the National Water Information Service (USGS, 2017) and used 
as the runoff at the watershed outlet in the RC computation and the water budget 
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equation. The Denmark gauge in the SFE Basin was chosen for its length of continuous 
record from 1981 to 2016.   An initial comparison was made between the Denmark 
streamflow gauging station and the Springfield precipitation gauge (Station ID 388219) 
located in the town of Springfield in Orangeburg County, by generating a DMC based on 
daily observations.  Data for daily streamflow and precipitation were matched over the 
time periods and measurements from any days that were missing from either dataset were 
removed from the cumulative dataset. While there were extended periods of missing data 
they did not occur during the period there was a break in the slope of the DMC. 
Precipitation varies over the watershed, so having precipitation data that are 
distributed spatially and temporally is important. Although rain gauges have traditionally 
been used to measure precipitation, the need for spatially distributed datasets has led to 
the increased use of remote sensing techniques to estimate precipitation (Engman, 1993). 
An extensive precipitation dataset was collected, therefore, to construct more accurate 
DMC and RC analyses. The METDATA dataset combines the North American Land 
Data Assimilation System Phase 2 dataset (NALDS-2) and the Parameter-elevation 
Regression on Independent Slopes Model (PRSM) into a distributed dataset (Abatzoglou, 
2011).METDATA was used to determine the total precipitation over the SFE watershed 
to generate a second DMC for comparison to discharge data at the Denmark gauge site. 
METDATA was also used for the RC computations. METDATA is available for 1979-





2.2 CONTRIBUTION OF WATER DIVERSIONS  
The South Carolina Department of Health and Environmental Control’s (SCDHEC) 
database of water use (SCDHEC, 2017) was used to determine the importance of water 
diversions to the observed volumes of discharge at the Denmark gauge. By statute, 
SCDHEC collects water-use information for large surface and groundwater withdrawals 
for owners who withdraw 1.136 x 104 m3 (3 x 106gallons) per month or more.  Beginning 
in 1982 surface water reporting has been required under South Carolina Code of Laws 
Title 49 Chapter 4 and is currently implemented by regulation.61-119. Beginning in 
1969, groundwater use data has been collected under South Carolina code of Laws Title 
49 Chapter 5 and currently implemented by regulation 61-113. The withdrawal dataset 
contains water-use information starting in the early 1980s, but the quality and 
completeness of the data improved greatly after 2002 for groundwater and after 2011 for 
surface water (Campbell and Coes, 2010; SCDHEC, 2017). The quality of the data 
improved as a result of a regulation change in 2000 that required the submission of the 
water use data for all large users in the coastal plain. Transfer of the program from the 
Water Resources Commission to the Department of Health and Environmental Control in 
the mid-1990s as a result of government restructuring also impacted the data quality for 
several years as the program became established. The laws and regulations include 
exemptions to the reporting requirement, but these exemptions did not likely have an 
important impact in the SFE basin.  The withdrawal data document large groundwater 
and surface water withdrawals, which allow evaluation of changes in water use in the 
area and are used to compare water withdrawals to the SFE water budget. 
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To test the worst-case scenario for water diversions it was assumed that 100 percent 
of the water use reported was lost from the basin, either in the form of extra basin transfer 
or consumptive use. The total water use, both surface and ground, was then added back to 
the flow at the Denmark gauge to determine how well diversions can account for 
discrepancies in the SFE water budget.  
Other withdrawals in the basin are not considered in this study as no data on the 
distribution or magnitude of the withdrawals are available. The greatest remaining 
withdrawals are believed to be for domestic water uses. While the total volume of 
domestic withdrawals may be large when summed across the basin, it is believed that the 
impact on the water balance is minimal. This conclusion is based on the assumption that 
self-supplied domestic withdrawals are usually associated with onsite wastewater 
disposal in septic systems, so most of the water withdrawn is returned to the system with 
minimal consumptive use.  
2.3 CHANGES IN PHYICAL PROCESSES  
Changes in the physical processes governing the relationship between rainfall and 
runoff can be caused by changes in the climate and changes in the land use and land 
cover for the basin. To determine the factors driving change an understanding of the 
basins hydrologic budget is needed. A hydrologic budget can be expressed by a simple 
water-balance equation: 
P = Q + E +𝚫Ss + 𝚫Sg (Eq. 2.1) 
Where P is precipitation, Qis discharge, E is evapotranspiration, 𝚫Ss is change in storage 
of surface water reservoir and 𝚫Sg is change in the storage of the groundwater reservoir 
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(Freeze & Cherry, 1979).  Precipitation is the basic input to the budget and was 
parameterized with the METDATA dataset (Abatzoglou, 2011) for budgeting and 
modeling.  Discharge can be broken down into groundwater or baseflow (Qg) and surface 
water or quickflow (Qs). Data obtained from streamflow gauges represent the integration 
of all hydrologic factors in the system that influence surface water at that point (Searcy 
&Hardison, 1960). The evapotranspiration component is key to performing regional 
water balance studies (Hargreaves &Samani, 1985). The Hargreaves-Samani method for 
estimating potential evapotranspiration (PET) from gridded temperature data is useful 
because it does not require extensive climate data that are often unavailable at the 
watershed scale (Hargreaves &Samani, 1985; Westenbroek et al., 2010). The 𝚫Sg 
component of the water budget can be further divided into the change in terrestrial water 
storage (TWS) in the unsaturated zone plus the change in groundwater storage (Freeze & 
Cherry, 1979).In a watershed where the assumed boundaries of the groundwater flow 
system and surface water flow system are the same, groundwater discharge can be 
represented as baseflow (Mosley &McKerchar, 1993). The spatial and temporal 
variations in the TWS for watersheds in South Carolina have been examined during and 
following the 1998-2002 drought (Billah& Goodall, 2011).  The entry of water into the 
saturated zone at the water table surface (+𝚫Sg) is groundwater recharge (Freeze and 
Cherry, 1979). 
2.4 SOIL WATER BALANCE (SWB) MODEL  
2.4.A MODEL PARAMETERIZATION 
The SWB model developed by the USGS (Westenbroek et al., 2010) allows for 
the estimation of the different components of a water budget that spans surface and 
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groundwater. The volume of water that enters a grid cell within the model is derived 
using the Natural Resource Conservation Service (NRCS) curve number rainfall-runoff 
method. Excess runoff can be diverted from cell to cell using a flow-direction grid 
calculated from a digital elevation model (DEM) to determine the direction of inflow and 
outflow for each cell.  Evapotranspiration is estimated by the Hargreaves-Samani method 
utilizing grid-based climate data. Changes in soil moisture are derived by the 
Thornthwaite-Mather relationship between accumulated potential water loss as a result of 
evapotranspiration and the soil moisture characteristics of the soil class. The infiltration 
capacity of the soils is based on the hydrologic soil group derived from the NRCS soil 
maps. The maximum soil water capacity is determined by multiplying the available soil 
water capacity as determined by the textural characteristics of the soils by the rooting 
zone depths as determined from the NLCD and land use lookup tables. Changes in soil 
moisture are then calculated by comparing the precipitation routed to the model cell by 
infiltration with accumulated potential water losses. (Westenbrook et al., 2010).  The 
spatially distributed input data sets used for the SWB model are commonly available 
making the model ideal for basin-scale studies.  
The METDATA climate data are used as the precipitation and minimum and 
maximum temperature inputs into the SWB model.  The climate data were spatially 
discretized using 4-km grid cells along with temporal consistency of the method to 
increase accuracy of water budget estimates over previous estimates, which applied 
recharge uniformly over the study area (Campbell and Coes, 2010).  The climate data 
were resampled using ArcGIS® software to 1-km grid cells to increase the spatial 
resolution of the model when looking at land use and land cover changes. Soil 
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classification input data for the SWB model were obtained from the NRCS (Soil Survey 
Staff, 2016). Land-use information is available through the National Land Cover 
Database (NLCD) (Homer et al., 2015) for 1992, 2001, 2006 and 2011.  The 1992 dataset 
was modified to adjust for changes in imagery and classification methods prior to use in 
the SWB model as is needed (Fry et al., 2009). 
The SFE watershed that contributes to the flow at the US Geological Survey 
Denmark Gauge was delineated using a 30x30-m DEM from the National Hydrologic 
Dataset with the ARCGIS® Hydrology Toolbox.   The DEM was filled, a flow direction 
raster was created, flow accumulations were calculated, and the location of the USGS 
Denmark Gauge was used as the pour point (outlet). Because of the high number of 
rasters that are required by the SWB model, the DEM was resampled using a bilinear 
interpolation to coarsen the grid from 30 m to 1 km for SWB modeling.  While this 
lowers the spatial resolution of the data, it is necessary given the high computational 
demands of the model and data storage limitations of running the model on a desktop 
system where each run otherwise takes several days.  
2.4.B MODEL CALIBRATION 
The initial SWB model was calibrated using actual (transient) climatic and 
LU/LC data.   Model calibrations are based on streamflow at Denmark compared to the 
sum of the overland flow, interflow, and recharge outputs from the SWB model over the 
time step of a water year. The SWB Model was evaluated using standard model 
assessment metrics of regression analysis and Nash Sutcliff Efficiency (NSE), which 
quantifies simulation accuracies (Van Liew et al., 2007): 
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)2                  (Eq. 2.2) 
Where Qkobs is the kth observation, Qksim is the kth simulated response, and Qmean is 
the long-term mean of the observed parameter being evaluated (Moriasi et al., 2007; Van 
Liew et al., 2007).  Model calibrations for streamflow are often considered satisfactory if 
NSE is >0.50 (Moriasi et al., 2007).  
Total discharge from the model was considered the sum of total overland flow, 
rejected recharge (interflow), and potential baseflow as represented by recharge. 
Baseflow was assumed to equal calculated recharge of the SFE basin.  The recharge 
component corresponding to the water year evaluated was initially used resulting in an 
explained variance of 69% (R2=0.689) and an NSE of -0.009, which was unacceptable.  
A second comparison was made using the average recharge over a two water-year period 
to better characterized the long travel times associated with recharge to base flow in this 
sandy basin. This change resulted in a R2 of 0.589 and an NSE of 0.493. An even greater 
improvement was observed when the recharge contribution to discharge was calculated 
using the previous four years by weighting the current water year as 50%, the previous 
year as 30%,the two-years previous as 15%, and the three-years previous as 5%. This 
assignment of recharge resulted in an R2 of 0.754 and an NSE of 0.731. The improvement 
in both the R2 and Nash Sutcliffe Efficiency by using recharge from four previous years 






2.5 CLIMATE, LAND-USE 
The contributions of climate variability, land-use change, and groundwater 
withdrawals to explaining temporal changes to the water budget were evaluated with the 
SWB model in combination.  
2.5.A CONTRIBUTION OF CLIMATE VARIABLITY  
A SWB model was run using a static LU/LC file derived from the 2001 NLCD.  
By holding the land cover static, the only variables that cause the water budget 
calculations to vary were temperature and precipitation derived from the METDATA 
dataset. The output from this model run was compared to an SWB run that was 
parameterized using transient LU/LC conditions based on the 1992, 2001, 2006 and 2011 
NLCD. The resulting water budget components were examined to see if there is a 
substantial difference in flow pathways that may explain the changes in the rainfall-
runoff relationship. The SWB outputs were examined to identify if there was a change in 
the proportion of precipitation that is lost to ET.   
2.5.B CONTRIBUTION OF LAND USE/LAND COVER CHANGE 
Changes in LU/LC have the potential to change the ET as well at the routing of 
water from overland flow to infiltration.  A transient LU/LC SWB model with static 
climate was constructed and compared with the static LU/LC static climate model to 
examine how changes in LU/LC have impacted the components of the water budget. The 
transient LU/LC consisted of data derived from the NLCD database for 1992, 2001, 2006 
and 2011 periods. The SFE basin has seen decreases in the percentage of land forested 
and planted for crops since the 2001 NLCD. (Figure 2.1). The Basin has seen increases in 
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the percentage of land classified as shrub land (often associated with young forest stands) 
and wooded wetlands.    
  
Figure 2.1 Land Use trend in the SFE Basin 2001-2011 
The climate files consisted of long-term daily mean values for precipitation and 
temperature.  By using mean climate conditions over the study period as the climate 
inputs, the relative contribution from LU/LC was isolated and quantified for various 
seasons and periods of the study period.  
2.6 BALANCING THE WATER BUDGET 
Accumulated losses in discharge as a result of climate variation, LU/LC changes, 
and water diversions were added back to the cumulative discharge data at the Denmark 
gauge.  Adding volumes of water simulated by the various scenarios back into the SWB 
model water budget allowed examination of the relatively importance of these losses to 
observed changes in the budget.  The ability to balance the SWB model water budget and 





















DMC and RC analyses.   By partitioning changes into the respective components of the 
water budget using the scenarios and tracking the changes over time, it is possible to 
examine if, when, and why change occurred.  This allows questions to be addressed about 
the persistence and future behavior of changes to the water budget.  For example, the 
magnitude and timing of effects of a substantial drought from 1998 to 2002 on the SFE 
water budget can be isolated and quantified by these methods. 
2.7 DATA QUALITY AND TEMPORAL AVALABILITY 
The data used in this investigation is a varying quality. The METDAT Data 
dataset is a spatial interpolated dataset and by have some degree of error. The time step of 
the data is daily as is the SWB model time step. This limits the ability to gather 
information on the temporal intensity of the rain for shorter time periods. For example a 
short duration intense thunder storm vs a slow soaking rain. The Soils data shows some 
bias based on the county in which it was mapped. This is likely due to different 
interpretations by different soil scientist.  The Land Use Land Cover Data is uses a 
consistent collection technique after 2001 however the 1992 dataset had to be converted 
to allow comparison.  The NLCD is also limited due to the 4 years between maps. 
Changes in the LULC are modeled to happen at the four year interval at one time while 
changes would have taken place more slowly in reality. The Water Use dataset from 
SCDHEC is self-reported data. The program which collects this data has shifted within 
state government over the course of reporting and quality assurance has varied. The 
quality of the data is believed to better from 2001 on however there are likely still errors 
and omissions.  While these variations may increase the uncertainty of the model results, 
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the model is relatively insensitive to these changes and it is not anticipated that data 





3.1  TESTING FOR HYDROGEOLOGIC CHANGE  
A DMC for the South Fork Edisto Basin generated using the cumulative mean 
monthly discharge and rainfall data from the Springfield rain gauge (Figure 3.1) indicates 
a relatively stable rainfall-runoff relationship between January 1980 and August 2000. 
Beginning in August 2000, however, there is a substantial change in the slope of the line. 
 
Figure 3.1 DMC using cumulative precipitation data from the Springfield rain gauge and 
cumulative discharge data from the Denmark stream gauge between 1980 and 2011.  
 
y = 0.3063x - 1E+08
R² = 0.9992





























Double Mass Curve South Fork Edisto Basin 1980-2011 
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The change in slope of the DMC analysis shown in Figure 3.1 is a result of a 
change at a single rain gauge station.  When performing DMC analysis, the rain gauge 
data are assumed representative of precipitation over the basin as a whole. The annual 
rainfall for 1981 computed from the spatially distributed METDATA data (Figure 3.2), 
however, illustrates that the assumption that precipitation is uniformly distributed across 
the basin is not accurate.   
Figure. 3.2 Distribution of rainfall within the SFE basin for October, 3 2015 as derived 
from the METDATA Dataset 
 
Cumulative precipitation data for the SFE derived from the distributed 
METDATA dataset were used as the precipitation input for a second DMC analysis 
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based on a common area. The area for precipitation accumulation was derived using 
ARCGIS to delineate the watershed that contributes to the flow at the USGS Denmark 
Gauge.   The METDATA multiband raster files were separated into individual day rasters 
and summed for individual years. A second DMC was developed using this cumulative 
annual precipitation from METDATA plotted against the cumulative annual discharge at 
the Denmark gauge (Figure 3.3).The timing of the inflection point on the revised DMC 
changed slightly from 2000 to 2001 based on these annual time steps (versus monthly in 
Fig. 3.1).
 
Figure. 3.3 Double mass curve for SFE based on annual increments.  Cumulative 
discharge at the Denmark Gauge Station vs cumulative precipitation from the 
METDATA dataset 1980-2015. 
 
The SFE rainfall-runoff relationship demonstrated by both of the DMC analyses 
can be further illustrated by examining runoff coefficients (RC); i.e., the percentage of 
y = 0.2832x - 4.321
R² = 0.9989
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rainfall within the basin that is discharged at the Denmark gauge.  This computation for 
the SFE reveals a distinct change at approximately 2000 (Figure 3.4).  While there is 
substantial annual variability, a clear relatively abrupt decline can be seen in the percent 
of precipitation that is ultimately discharged.  A two tail equal variance t-test analysis 
indicated that the two runoff coefficients for the two periods were significantly 
(p<0.0001) different from one another (t=5.724).  The T-test is appropriate because the 
dataset data has a normal distribution as tested by the Shapiro-Wilk Test (p=.917, 
p=.971) and equal variance as described by the F-Test. 
 
Figure. 3.4 Annual runoff coefficients derived from streamflow measurement data at the 
Denmark gauge and precipitation data from METDATA.  
 
3.2 WATER DIVERSIONS.  
A total of 59 registered groundwater withdrawers reported water use during the 
study period. Of those facilities 2 were industrial, 43 were irrigation and 14 were water 
supply (Table 3.1).  A total of 55 registered surface water withdrawers reported water use 





























Water Year Runoff Coefficients 1981-2000 Mean 2001-2016 Mean
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water supply. The data time series shows no sharp increases in water demand around the 
time of the change in slope of the double mass curve in 2001 (Figure 3.5).  A sharp 
increase in surface water demand was noted in water year2007 and a sharp increase in 
reported groundwater withdrawals began in water year 2015. The increased demand in 
surface water and groundwater came after an extended drought period from 1998-2002 
that was followed closely by recurring drought years.   Increased demand for irrigation 
water has been the primary driver of increased surface and groundwater withdrawals in 
the reported data, although the increase in surface water withdrawals began about 8 years 
earlier than increases in groundwater withdrawals (Figure 3.5B). A Mann Whitney U 
Test indicates the difference in means is significant. The U value of 62.  The Z-Score is -
2.82437. The p-value is .0048. The result is significant at p < .05. 
The total water withdrawn from the withdrawals reported for the SFE was added 
back to the recorded discharge at the Denmark gauging station to determine if the 
withdrawals from the basin could be the cause of the inflection in the double mass curve 
(Figure 3.6).  While the addition of the water withdrawn from the basin doesn’t remove 
the infection of the DMC, a notable increase occurs between the plot of the gauge only 
data and the gauge with withdrawals added back in after 2001. 
By plotting the potential percent reduction in discharge as a result of withdrawals 
it appears that the impact of withdrawals has the potential to noticeably impact discharge 
(Figure 3.6).  Withdrawals from water years1983to 2000 averaged about 1.5% of total 
discharge, but rose to an average of about 4.15% from 2001 to 2016.  The volume of 
annual water withdrawals vary from 1 to almost 8% of the annual streamflow at the 






Table 3.1 Reported Water Use in the SFE basin 1983-2016 in MGY
Water Year Industrial Irrigation Water Supply Total Industrial Irrigation Water Supply Total Industrial Irrigation Water Supply Total 
1983 85 601 697 1383 2 104 36 142 87 705 733 1525
1984 311 501 954 1765 10 150 552 712 321 651 1505 2477
1985 368 337 1108 1813 10 51 580 641 378 388 1689 2454
1986 274 1556 1383 3213 59 47 641 748 333 1604 2024 3961
1987 380 1119 1085 2583 105 69 298 472 484 1188 1383 3055
1988 405 608 1080 2094 155 68 558 781 560 676 1639 2874
1989 383 27 1161 1572 132 10 300 443 515 38 1462 2014
1990 622 492 1245 2359 157 275 687 1120 779 768 1932 3479
1991 620 141 860 1622 86 48 770 903 706 189 1630 2525
1992 547 257 935 1738 162 151 833 1147 709 408 1768 2885
1993 767 347 1087 2201 164 233 878 1275 931 580 1965 3475
1994 400 48 600 1048 189 185 845 1219 588 234 1445 2267
1995 499 383 918 1799 174 4 414 592 673 387 1332 2391
1996 459 105 960 1524 215 0 622 837 675 105 1581 2361
1997 626 36 864 1526 195 0 797 992 821 36 1662 2518
1998 444 74 832 1349 48 0 837 885 492 74 1669 2235
1999 2 675 423 1100 2 144 980 1125 3 819 1403 2225
2000 0 54 731 785 0 0 437 437 0 54 1168 1222
2001 0 784 664 1449 0 354 541 895 0 1138 1206 2344
2002 0 941 387 1328 0 974 611 1585 0 1915 998 2913
2003 0 453 613 1066 0 373 779 1152 0 825 1392 2217
2004 0 1089 470 1559 0 671 713 1384 0 1760 1182 2942
2005 0 767 719 1486 0 618 761 1379 0 1385 1481 2866
2006 0 968 808 1776 0 457 726 1183 0 1425 1534 2959
2007 0 3971 646 4617 0 694 687 1380 0 4664 1333 5997
2008 0 3674 446 4120 0 1086 718 1804 0 4759 1164 5923
2009 0 3581 471 4052 0 757 759 1516 0 4337 1230 5568
2010 0 3391 555 3946 0 597 771 1369 0 3989 1326 5315
2011 0 3591 431 4023 0 874 803 1677 0 4465 1234 5699
2012 0 3892 351 4242 0 1287 697 1984 0 5179 1048 6227
2013 0 3211 422 3634 0 746 701 1446 0 3957 1123 5080
2014 0 4139 361 4500 0 1101 680 1781 0 5239 1042 6281
2015 0 4333 308 4641 0 1953 647 2600 0 6286 955 7241
2016 0 4717 351 5068 0 3132 855 3987 0 7849 1206 9055




Figure 3.5 Total annual water withdrawals based on registered surface and groundwater 
withdrawal reports.  (A) Withdrawals grouped as surface, groundwater, and total.  (B) 
Withdrawals grouped by the use of water.  
 
  The percentage of discharge associated with surface plus groundwater 
withdrawals before 2001 are much smaller than after 2001.   A Mann Whitney U Test 
indicates the difference in means is significant. The U value of 24.  The Z-Score is -
























a. Water Withdrawals in the SFE Basin 



















b.  Water Withdrawal by Use and  Source
Industrial SW Irrigation SW Irrigation GW




Figure. 3.6 Double mass curve of cumulative annual discharge and precipitation with 
reported volumes of surface and groundwater withdrawals added to discharge values.   
 
 
Figure. 3.7 Percentage of reductions in discharge attributable to reported surface and 
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3.3 CHANGES IN LAND USE /LAND COVER  
The 1992 static land-cover model was compared to the transient land cover model 
to examine how LU/LC change impacted the water budget computed by the SWB model. 
The results of this controlled experiment show an increasing trend in ET that can be 
attributed to LU/LC change alone (Figure 3.8).This increase is up to 0.19 inches (4.8 
mm), which can account for up to 12% of the corresponding incoming precipitation 
values.  Changes from this analysis do not begin until the comparison of the 1992 to the 
2001 due to the limits to the land-use data.  No LU/LC data were available for the period 
prior to 1992, so earlier changes in ET cannot be measured.  This change in ET is gradual 
rather than the abrupt change implied by the DMC analysis, so little difference is 
recorded in the first decade but the effects of ET losses increase later.  The water lost 
from the basin as a result of the increases in ET attributable to LU/LC changes were 
added back to discharge data at the Denmark Gauge to compute the impact on the DMC 
(Figure 3.9).  While the addition of the estimated increase in ET losses from the basin 
doesn’t remove the infection of the double mass curve there is a notable difference 
between the plot of the gauge only data and the gauge with ET losses added back in. 
The percent reduction in discharge resulting from increased LU/LC-induced ET 
appears to have the potential to noticeably impact discharge (Figure 3.10).  The change 
being in the 1-2 percent range from the 2001 land cover. The 2006 land cover increases 
the ET losses to the 4-5percent range and the 2011 land cover increases the losses to 5-7 
percent range.  These ET losses caused by LU/LC changes show an increasing impact of 
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LU/LC on the SFE water budget that is initially small but constitutes a substantial 
percentage of discharge after 2006.    
 
Figure 3.8 Change in the monthly evapotranspiration attributable to land-use changes 
alone as calculated by the SWB model based on changes from 1992 static LU/LC to a 
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Figure. 3.9 Double mass curve of cumulative annual discharge and precipitation data with 
change in ET from LULC change added to discharge values. 
 
Figure. 3.10 Percent reduction in discharge in the SFE basin as a result of increased ET in 
response to LU/LC change when transient LU/LC is compare to 1992 LU/LC. 
 
3.4 CLIMATE VARIABILITY 
To determine the impact that climate has had on the rainfall runoff relationship, a 
SWB model was developed using a static land cover (2001 NLCD) while using observed 
precipitation values from the METDAT data in climate simulations. Variation in the 
percentage gross precipitation lost to ET and interception was high throughout the model 
period (Figure 3.11), but mean ET and interception percentages before and after the 
DMC inflection point were similar.  The mean percentage loss for water years 1980-2000 
was 76% and for 2001-2016 was 78%, which was not significantly different (t=0.686; 
p=0.497). The T-test is appropriate because the dataset datasets has normal distribution as 
tested by the Shapiro-Wilk Test (p=.961, p=.737) and had equal variance as described 
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Figure 3.11 Percentage of rainfall lost to ET and interception changes estimated by 
varying climatic variables in the SWB model.  
 
A multi-year drought which began in late 1998 was considered a potential factor 
in the calculations. To examine the importance of increased ET after 1998 to the 
observed decreases in streamflow per unit rainfall, the mean percentage of precipitation 
lost to ET and interception (losses) for 1981-1998 (75.6%) was set as the baseline for 
comparisons. The average loss was examined on four-year time periods to investigate 
departures from normal beginning with the inflection point of 2001; i.e., for 2001-2004 
(80.1%), 2005-2008 (81.6%), 2009-2012 (80.5%), and 2012-2016 (69.8%).  The volume 
of water corresponding to the difference in the means of each four-year time period 2001-
2012 and the 1981-1998 baseline was added back to the discharge at the Denmark gauge 
station to determine the potential impact on the rainfall-runoff relationship as indicated 
by the DMC. No water was added back for 2012-2016 as the average ET percentage was 
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caused by climate variation reduces the difference between the early and later periods and 
shifts the inflection point of the DMC from 2001 to later in the time series at 2011(Figure 
3.12).  The percent reduction in discharge resulting from increased ET shows a large 
impact on discharge in response to reductions in effective precipitation ranging from 15 
to 25% (Figure 3.13).   
 
 
Figure. 3.12 Double mass curve of cumulative annual discharge and precipitation with 
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Figure 3.13   Percentage of precipitation attributable to increased ET above the 1981-
1998 baseline.  This amount of water was added back to the discharge at the Denmark 
gauge station to correct for climate variation using a static land cover. 
 
3.5 COMBINED WATER LOSSES 
The impacts on the DMC of all water losses from climate variation, LU/LC 
change, and water diversions were combined and added back to the discharge recorded at 
the Denmark Gauge Station. The resulting DMC no longer shows an inflection in 2001 
and the rainfall-runoff relationship remains near linear for the study period (Figure 3.14). 
The combined percent potential percent reductions from water diversions, climate impact 
and LU/LC, show a distinct period from 2001-2012 when discharge was reduced 
substantially by between 18 and 32%. These impacts lessened from 2013-2016, but 
continued to generate an approximate 10% reduction in discharge (Figure 3.15).  The 
difference in mean percent reductions in discharge attributable to combined losses 
between the periods before and after 2001 are highly significant  as determined by a 
Mann Whitney U Test where: The U value is 0,The Z-Score is -5.0778. The p-value is < 
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Figure 3.14.  Combined impacts of climate, land use/land cover, and withdrawals on DMC.  (A) 
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Figure 3.15: Percentage reductions in discharge resulting from climate variation, land 


































This study was designed to determine if there was a change in the rainfall-runoff 
relationship in the SFE basin during the time period 1981-2016.  A DMC analysis of 
precipitation at a single weather station vs. measured discharge at the Denmark gauging 
station gauge indicated that a distinct change in the rainfall-runoff relationship occurred 
in the basin around 2000-2001. The DMC analysis was repeated with spatially distributed 
METDATA precipitation data vs. Denmark discharge, which verified that a change in the 
rainfall-runoff relationship occurred in the basin from 2000-2001. This change in the 
rainfall-runoff relationship indicates that substantially less runoff was produced per unit 
rain in the latter period after 2001, which has grave implications to water availability in 
the basin. 
The change was hypothesized to be caused by changes in one of three variables 
within the basin: water diversions, climate variation, or land-use change. To determine if 
water diversions from the basin were the cause of the change, available water withdrawal 
data from SCDHEC were analyzed. Withdrawals within the basin were computed with a 
water budget model (SWB) and added back to the measured discharge at the Denmark 
gauge. An additional DMC analysis of the adjusted discharge data indicates that adding 
these withdrawals can account for only a portion of the reduced discharges after 2001, 
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and that this effect is primarily in the late 2010s when withdrawals increased. Reductions 
due to withdrawals were relatively modest and remaining under 8% of discharge.  
To determine the impacts of climate and land use within the basin a SWB model 
was developed to isolate portions of the water budget and determine how they were 
impacted by climate variations and land-use patterns. The need to include changes over a 
four-year period to achieve calibration of the SWB lends credence to idea of watershed 
memory. The low NSE rating of the model was greatly improved when a lag time of four 
years was considered for the movement of water from recharge to base flow.  Land-use 
changes after 2001 increased the percentage of rainfall that was lost to evapotranspiration 
and lowered the percentage of rainfall that is discharged at the Denmark gauge. These 
losses were relatively small but had a gradually increasing trend through time that was 
initially modest but became more substantial with the 2006and 2011 LU/LC. 
An examination using the SWB model of how climate variability altered the water 
budget indicates the importance of a drought that occurred around the time of the 
inflection point of the DMC curve. A pattern of recurring drought led to an increase in 
the percentage of rainfall that was lost from the basin by ET.  Decreases in discharge as a 
result of increased modeled ET were substantial and exceeded 20 percent reduction in 
what would be expected had the ET percentage remained at the long-term average rate. 
The losses of rainfall attributable to climate variability were initially large and remained 
large through 2012 but decreased after that through to the end of the study period in 
2016.   
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This study was initiated with the expectation that one of three variables, (climate, 
LU/LC, and water diversions) would be responsible for the apparent change in the 
rainfall-runoff relationship indicated by the DMC analysis.  The results indicate, 
however, that a combination of all three factors was responsible for the observed pattern 
of rainfall-runoff changes. Climatic variability in the form of a pronounced drought 
appears to be the dominate driver during the initial change (2000-2010) and may have 
acted as a trigger by reducing storage in surface, soil, biologic, and groundwater 
reservoirs. As the drought grew less intense, however, land-use pattern changes 
associated with increased ET and increases in surface and groundwater withdrawals 
impacted flows and sustained the water deficit that was initiated by the drought.  The 
water deficit from a combination of all three factors drove the lower slope of the DMC.  
This is important as the demand for water resources (especially groundwater) within the 
basin continues to increase and could sustain high rates of withdrawals.  High withdrawal 
rates, in turn, could maintain deficit conditions in the water budget and the decrease in 
runoff per unit rainfall documented by the inflection in the DMC. Although the drought is 
largely over, uncertainties associated with climate change do not allow forecasts of future 
climatic conditions with any confidence. Clearly, the drought had a substantial negative 
effect on available water, not only in absolute terms, but also in terms of yield per unit of 
rainfall.  The combination of drought with ongoing water withdrawals and land-use 
changes could result in the new rainfall-runoff relationship after 2001—as illustrated by 
the DMC—being the permanent condition.  This would result in water flows in the SFE 
being far less than the long-term average flows upon which regulatory policy is defined.  
Beyond water yields, reductions in flow in the SFE will likely have environmental 
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consequences as they are associated with lowered water stages in the river that have the 
potential generate substantial impacts on aquatic ecosystems (Poff& Zimmerman, 
2010)(Poff, et.al, 2010). 
The rate that each of the three factors are impacting the SFE are important to 
considerer as well. While the climatic impacts are seen relatively quickly the changes to 
the rainfall runoff relationship from land use change and diversions seem to be slower to 
develop. This can be inferred from the rate at which the slope of the DMC is impacted by 
each of the three factors.  The importance of this is that the impacts of land management 
decisions may take many years to develop. Likewise the impacts from water diversions 
particularly groundwater withdrawals may take some time before they become evident.  
4.1 IMPLICATIONS FOR STATE WATER POLICY 
The results of this study have far-reaching implications to water policy in South 
Carolina. Surface water permitting and agriculture use registrations within the basin are 
based upon a calculation of “safe yield” defined as the difference between the mean 
annual daily flow and 20 percent of the mean annual daily flow. “Safe Yield” is better 
categorized as legally available water. It is not a guarantee that the water is physically 
available 100 percent of the time or that water withdrawals to that level will be 
economically or environmentally benign. Permits issued are subject to minimum instream 
flows set at 20%, 30% or40% of the mean annual daily flow dependent on the month of 
year.  A reduction in the runoff generated by a unit of rainfall reduces the flow available 
physically while having little immediate impact in the water available legally, which is 
based on the long-term average flow. The entire period of record is used in the “safe 
yield” calculation, so a shifting rainfall-runoff relationship could mean that previous 
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flows are a poor indicator of future conditions. In fact, the findings of this study indicate 
that long-term average flows can overestimate the actual surface water availability now in 
the SFE and that water withdrawals generate a measurable reduction in surface flows.  
The likelihood that withdrawals are reducing flows and river levels should influence 
future water allocation policy. A change in state water policy to recognize the connection 
between surface and groundwater is needed. Consideration of the climate conditions 
under which data were recorded and the potential for the climate to change should also be 
considered.  
Currently groundwater and surface water are treated separately in South Carolina. 
This study indicates that surface water and groundwater have strong hydrologic 
connections and that excessive groundwater withdrawals can have serious impacts on 
surface water flows. This connection indicates that to effectively manage water resources 
for human and ecosystem functions, a cohesive water policy is needed that covers all 
large withdrawals from both surface and groundwater sources.  Climate variability and 
withdrawals have caused substantial, measurable reductions in flows since 2001, and 
climate change imposes a great deal of uncertainty about the maintenance of long-term 
flows.  Therefore, such a water policy should not assume that future annual flows will 
maintain an average at the level of long-term averages, but should protect water resources 
and hydrologic systems against over-allocations and the subsequent environmental 
damages that result.   
4.2 AREAS FOR FUTURE STUDY 
Areas for future investigation include research on flows between deep aquifer 
units and underlying bedrock. A better understanding of the flow paths within the basin 
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could improve understanding of how long-term water budgets impact flows. Additional 
study could refine the percentage of water withdrawals that are consumptive versus non-
consumptive uses that return water to the basin. Additional information on consumptive 
use could improve water budget models and help water planning efforts and water 
availability assessments in the basin.  
A limitation of the SWB model developed for this study is that changes in soil moisture 
as a result of irrigation were not considered. The identification and mapping of irrigated 
acres and linking them to water withdraws would allow irrigation water to be added as a 
parameter in the SWB model, which could improve the accuracy of water balance 
calculations.  
An additional limitation of the model is that calculations were done at a daily time 
step. Varying rainfall intensity could impact the rainfall-runoff relationship. Additional 
work is needed to develop more temporally discrete climate data.  Additionally, the 
current SWB code would need modification to calculate budgets at shorter time steps. 
This would increase the computational processing and storage demands of a model that is 
already data-intensive. A similar computation demand would be required to run the 
model using a finer grid than the 1-km grid used in this study. Improvements in data 
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